The present study investigates the synthesis and characterization of iron oxide nanoparticles (Fe 3 O 4 -NPs) for their antibacterial potential against Bacillus cereus and Klebsiella pneumonia by modifi ed disc diffusion and broth agar dilution methods. DLS and XRD results revealed the average size of synthesized Fe 3 O 4 -NPs as 24 nm while XPS measurement exhibited the spin-orbit peak of Fe 2p 3/2 binding energy at 511 eV. Fe 3 O 4 -NPs inhibited the growth of K. pneumoniae and B. cereus in both liquid and soild agar media, and displayed 26 mm and 22 mm zone of inhibitions, respectively. MIC of Fe 3 O 4 -NPs was found to be 5 μg/mL against these strains. However, MBC for these strains was observed at 40 μg/mL concentration of Fe 3 O 4 -NPs for exhibiting 40-50% loss in viable bacterial cells and 80 μg/mL concentration of Fe 3 O 4 -NPs acted as bactericidal for causing 90-99% loss in viability. Hence, these nanoparticles can be explored for their additional antimicrobial and biomedical applications.
INTRODUCTION
Antibiotics have been a mainstay of human health. They have been extensively used in clinics to treat respiratory tract infections, urinary tract infections, gastrointestinal infections and infections of nervous system 1 . However, the emergence of multidrug resistant bacterial strains such as Methicillin resistant staphylococcus aureus (MRSA), Vancomycin resistant staphylococcus aureus (VRSA) and New Delhi metallo-beta-lactamase (NDM) harboring Gram-negative bacteria, has severely compromised their effectiveness in the clinics. Therefore, novel antibiotics with newer mechanism of action are urgently needed to treat infections caused by MDR-bacterial strains. Numerous nanoparticle have been reported to possess considerable activity against MDR-bacterial strains 2-5 including resistant Enterobacteriaceae (E. coli, K. pneumoniae), non-fermenters (Acinetobacter baumanii, Pseudomonas aeruginosa) and acid-fast bacteria (Mycobacterium tuberculosis) as well as resistant Gram-positives such as vancomycin resistant Enterococci and methicillin-resistant Staphylococcus aureus 5, 6 . Furthermore, new strategies like surface modifi cation of nanoparticles are being explored to enhance their potency against pathogenic MDR bacterial strains 7 . Klebsiella pneumoniae is an encapsulated Gram-negative rod-shaped facultative anaerobe belonging to Enterobacteriaceae family which causes pneumonia, bloodstream infections, surgical site infections and meningitis 8 . The NDM carrying Klebsiella pneumoniae stains are frequently involved in nosocomial (hospital-acquired) and common public infections. These strains are resistant to almost every antibiotic and infections caused by them are extremely diffi cult to treat. Moreover, Klebsiella pneumoniae strains have the potential to produce slime, which facilitates the adhesion and formation of biofi lms on implantable devices via non-specifi c interactions like electrostatic, dipole-dipole, H-bond, hydrophobic and vander Waals forces 9, 10 . Formation of such biofi lms enhances the bacterial resistance by preventing antibiotic action. Bacillus cereus is Gram positive, rod shaped bacterium, widely distributed in diverse environments 11 . It is commonly involved in food poisoning causing severe diarrhea. However, in immunocompromised patients it is associated with wound infections, bacteremia, septicaemia, endocarditis, meningitis and pneumonia as well as respiratory infections which may be life threatening 12 . Iron oxides are abundantly distributed in the earth crust and have been frequently used in a wide variety of biomedical and biotechnological applications. Nanoparticles synthesized from these oxides have also been employed for diagnostic imaging (magnetic resonance imaging), cancer treatment (magnetic hyperthermia, thermal ablation), scale-up bioseparation processes and biosensing-based applications 13 
Synthesis of Fe 3 O 4 -NPs
The co-precipitation method was used for the synthesis of 
Physico-chemical characterization of Fe 3 O 4 -NPs
The synthesized Fe 3 O 4 -NPs were subjected for recording FTIR spectrum at 500-4000 cm -1 by using Interspec 2020 model FTIR instrument (USA). The dynamic light scattering characterization was carried out in a Malvern Zetasizer Nano ZS while their structural characterization was done by analyzing XRD pattern at room temperature with the help of Rigaku-Minifl ex X-ray diffractometer using CuK α (λ = 1.54056 Å) radiations as X-ray source in 2q range from 20 o to 80 o with scan rate of 2 o /min. For XPS analysis of Fe 3 O 4 -NPs, we used a Thermo Scientifi c K-Alpha KA1066 spectrometer with monochromatic AlKα X-ray radiation as excitation source and beam-spot size fi xed at 300 μm. The spectral recording was performed at 200 eV (pass energy) in the fi xed analyzer transmission mode whereas scanning was carried out at pressures of less 10 −8 Torr.
Antibacterial assay
Antibacterial test of Fe 3 O 4 -NPs was performed against Klebsiella pneumonia and Bacillus cereus bacterial stains. The inoculum of test organisms was prepared by inoculating fl asks containing sterilized 25 mL of nutrient broth with the isolated colonies of test organisms and incubating them at 37 o C overnight on an orbital shaker incubator. The overnight cultures were diluted with fresh nutrient broth and spread onto solid nutrients agar plates with the help of sterilized glass spreader or cotton swab. The plates were left to dry for 15 min and then 8 nm wells were bored in each plate with the help of a sterilized borer. The different concentrations of Fe 3 O 4 -NPs aqueous suspension were loaded in the wells of each plate and one well served as a control for standard antibiotics. Then, each well was sealed by molten agar (0.8%) to prevent the leakage of loaded compounds in base of well. The plates were incubated at 37 o C for 24 hours. Following incubation, the developed zone of inhibition of bacterial growth around the well was recorded.
Determination of minimum inhibition concentration (MIC) and minimum bactericidal concentration (MBC)
Klebsiella pneumonia and Bacillus cereus overnight cultures were diluted with nutrient broth in order to obtain a fi nal inoculum of 1×10 6 CFU/mL. Stock solution of Fe 3 O 4 -NPs for MBC and MIC were separately prepared. Different concentrations of Fe 3 O 4 -NPs were added to the tubes containing test organism. Positive and negative controls were also prepared separately with and without Fe 3 O 4 -NPs and organisms, respectively. The tubes were incubated at 37 o C in an incubator overnight. Turbidity was checked for analyzing the growth of organism in presence of compound. Lowest concentration which inhibited the growth of organism indicated MIC whereas MBC was considered as a concentration that caused 2-3 log (90-99%) reduction in CFU compared to starting inoculum. All MIC and MBC experiment were performed in duplicate.
Statistical analysis
For antibacterial activity, the size of growth inhibition zones was expressed in terms of mean value ± standard error and a P value lower than 0.05 was taken as a signifi cant value.
RESULTS AND DISCUSSION

Selection of Fe 3 O 4 -NPs
We selected iron oxide nanoparticles because of their relatively better safety and superior biological compatibility. These nanoparticles have been reported to have lower toxicity due to the presence of 4 unpaired electrons in 3d shell of Fe 2+ ions and 5 unpaired electrons of 3d shell of Fe 3+ which facilitate strong magnetic moment. Therefore, the crystals formed by these ions are ferromagnetic or ferrimagnetic in nature which provides them better biocompatibility and lower toxicity 13, 15, 18 . The co-precipitation method was adopted due to the simplicity of their synthesis in aqueous solution. This method involves precipitation of Fe 2+ and Fe 3+ ions (mixed in molar ratio of 1:2) into Fe 3 O 4 in a basic solution (ammonium hydroxide, potassium hydroxide, sodium hydroxide, pH 8-14). However, it has been reported that size, morphology and magnetic properties of nanoparticles synthesized by co-precipitation method vary signifi cantly. In the current study, Fe 3 O 4 -NPs synthesis was carried out in presence of NaOH which yielded nanoparticle of 24 nm average size.
Furthermore, for wider bioapplications of iron oxide NPs, they should be highly dispersed in aqueous phase and biocompatible with negligible toxicity. These properties can be achieved by adopting co-precipitation method using multifunctional water-soluble polymers as capping ligands 19 . Hence, the method of synthesis utilized here for obtaining Fe 3 O 4 -NPs imparts uniformity in size and morphology to them. Moreover, due to their higher saturation magnetization, they could be manipulated in dispersed state with the use of an external magnet for extending their scope in various biomedical applications.
Physico-chemical characterization of Fe 3 O 4 -NPs
The infrared spectrum of Fe 3 O 4 -NPs in the range of 500-4000 cm -1 was carried out to identify the chemical bonds and functional groups present in it. Fig 1 demonstrated Figure 4 . The spin-orbit peak of the Fe 2p 3/2 binding energy observed at 511 eV (Fig. 4b ) is fully concordant with the standard reference data for iron 23 . A distinct peak observed at 532.6 eV in O1s spectrum (Fig. 4c) 
Antibacterial activity of Fe 3 O 4 -NPs
Resistance to currently used antibiotics is a serious public health problem nowadays. The prevalence of bacterial isolates with resistance to multiple antibiotics has increased signifi cantly in both hospitals as well as in community. Novel antibiotics are needed to effectively treat infections caused by these resistant strains. The nanoparticles have been extensively evaluated for their potential as suitable antibacterial candidates which may be developed as antibacterial therapy for clinical application. Numerous organic and inorganic nano-materials as well as a large number of nanoparticles have been synthesized for this purpose of providing safe and effective antimicrobial agents against MDR bacterial strains. Fe 3 O 4 -NPs exhibit considerable antibacterial effects because of their specifi c features including their size and larger surface area which facilitates their interactions with critically important biomolecules inside the bacterial cell. In the current study, Fe 3 O 4 -NPs demonstrated signifi cant antibacterial activity against both Bacillus cereus and Klebsiella pneumoniae strains. The exact molecular mechanisms of antibacterial action of iron oxide nanoparticles are less understood. However, it is possible that they exert their antibacterial action through the interactions of ferric ions with the proteins and DNA thereby causing the conformational changes in protein structure and DNA molecule, which ultimately leads to the mortality of bacterial cell. However, generation of reactive oxygen species (ROS) has also been implicated as one of the possible mechanism of antibacterial action of iron nanoparticles. These nanoparticles also displayed a bactericidal action against Klebsiella pneumoniae and Bacillus cereus which (Fig. 2) . Figure 3 suggested that the size of the synthesized Fe 3 O 4 -NPs were of 24 nm. The results showed the spinel phase structure of magnetite which is in agreement with the standard XRD for magnetite nanoparticles synthesized by other methods 13, 18 . X-ray photoelectron spectroscopy (XPS) is frequently used for elucidating numerous chemical parameters including the presence of various elements, empirical-formula, and chemical and electronic states of the elements constituting the test material. XPS spectra are obtained by irradiating test materials with a beam of X-rays and determining the kinetic energy as well as the number of electrons released from the top of the material surface
21, 22
. We used XPS measure-concentration of 80 μg/well, the zone size was increased to 26 and 22 mm (Fig. 6) (Fig. 7) . The signifi cant killing of Klebsiella pneumoniae and Bacillus cereus cells was observed at 40 is an important attribute from pharmacodynamic point of view as bactericidal antibiotics completely eradicate bacterial cells which reduces chances of emergence of resistant bacterial strains.
In our investigation, Fe 3 O 4 -NPs were employed to evaluate their bactericidal potential for Klebsiella pneumonia and Bacillus cereus (Fig. 5) . They showed antibacterial activity in a concentration dependent manner with higher concentrations exhibiting larger zones of inhibition. The zone of inhibition was 15 and 13 mm at 40 μg/well concentration of Fe 3 O 4 -NPs against Klebsiella pneumoniae and Bacillus cereus respectively. However, at higher 
CONCLUSION
The nanoparticles have great potential as nanomedicine for the treatment of various bacterial diseases. The ultra-small size of nanoparticles may facilitate their diffusion through porin channels of bacterial cell wall to exert their antibacterial action via destruction of the membrane integrity and intracellular damage. However, robust preclinical studies are required to establish their potential as antibacterial agents as well as to demonstrate sound proof of concept in the animal models of infection. 
